Introduction
============

The formation of long-term memory has been shown to be dependent on the synthesis of new proteins but the specific molecular mechanisms that are essential for learning and memory processes and how particular classes of molecules contribute to these events is not fully understood. Several studies indicate that immediate early genes (IEGs) such as *Fos*, *Jun*, or *Egr1* may play an important role in learning and memory processes (Bozon et al., [@B8]; Dragunow, [@B18]; Knapska and Kaczmarek, [@B37]). The IEGs are a class of genes that are rapidly and transiently activated by a variety of signalling cascades and phosphorylation events in a protein synthesis-independent manner in response to neuronal activation. IEGs encode many functionally different products such as secreted proteins, cytoplasmic enzymes and inducible transcription factors that can activate downstream target genes (Herdegen and Leah, [@B31]). As such, the rapid activation of IEGs encoding transcriptional regulators constitutes an early genomic response in a strategic position in the molecular cascades leading to persistent neuronal modification. To date several lines of evidence suggest that their regulated expression following neuronal activation is a key mechanism for the recruitment of specific gene programs involved in the stabilisation of neural modification required for the laying down of long-term memories.

Among the studies of the functional role of inducible transcriptional regulators in synaptic plasticity and memory processes, many have focused the Early Growth Response (*Egr*) gene family (for reviews, see Abraham et al., [@B1]; Bozon et al., [@B6]; Tischmeyer and Grimm, [@B71]). It was notably demonstrated that a member of *Egr* family, *Egr1* (also known as *NGFI-A*, *Krox-24*, *Zif268*, *Tis8* or *ZENK*), is involved in the maintenance of long-term potentiation (LTP), an activity-dependent form of synaptic plasticity believed to play a crucial role in the formation of memories (Jones et al., [@B36]). *Egr1* is also essential for the consolidation of several forms of long-term memory (Bozon et al., [@B6], [@B8]; Jones et al., [@B36]; Malkani et al., [@B49]) and for reconsolidation of memory after reactivation during retrieval (Bozon et al., [@B7]; Lee et al., [@B40]). In addition, enhanced memory strength was recently reported in transgenic mice with forebrain over-expression of *Egr1* (Baumgärtel et al., [@B2]). While the role of *Egr1* in memory is relatively well characterised, that of other members of the *Egr* family has only recently began to be investigated. The *Egr* family in fact comprises four members: *Egr1*, *Egr2* (*Krox-20*), *Egr3* (*Pilot*) and *Egr4* (*NGFI-C*) (Beckmann and Wilce, [@B3]; O\'Donovan et al., [@B59]; Figure [1](#F1){ref-type="fig"}). They encode closely related transcription factors that contain three Cys2-Hys2 zinc fingers shared by the four members and that can bind to the same cognate GC-rich consensus DNA binding motif, the Egr response element (ERE). The high homology between the three zinc finger sequences of the four members of the Egr family (Beckmann and Wilce, [@B3]) suggests that the proteins may well bind to *cis*-regulatory regions of at least a subset of the same target genes (Chavrier et al., [@B10]; Lemaire et al., [@B42]; Swirnoff and Milbrandt, [@B69]). However, outside their common DNA-binding domain, the sequences of the different Egr members have less homology, suggesting they can be differentially regulated by selective signalling pathways and may therefore serve different functions (Beckmann and Wilce, [@B3]; Herdegen and Leah, [@B31]). Nevertheless a few conserved domains have been identified and are depicted in Figure [1](#F1){ref-type="fig"}. Of particular interest is the interaction domain for the Nab proteins, which is found in Egr1, Egr2 and Egr3. Nab1 and Nab2 have initially been described as repressors of the transcriptional activity of Egr proteins (Russo et al., [@B62]; Svaren et al., [@B66]; Swirnoff et al., [@B68]). However recent data suggest that they can also act as synergistic factors for Egr2 function at least (Desmazières et al., in press; Le et al., [@B39]). Finally, a detailed structure-function analysis of the Egr2 protein has been performed recently and has revealed that other domains within the N-terminal part of the protein are involved in the activation of specific target genes (Desmazières, Charnay and Gilardi-Hebenstreit, unpublished data). One of these domains is conserved in Egr1 and Egr3.

![**Schematic representation of the four members of the Egr family (Beckmann and Wilce, [@B3]; O\'Donovan et al., [@B58]; Russo et al., [@B62])**. The most closely related members are Egr2 and Egr3, followed by Egr1. Egr4 is much more distant. Several conserved sequences are featured: the zinc fingers that are extremely well conserved between all members; two basic regions flanking the zinc fingers that are conserved between Egr1, Egr2 and Egr3, the C-terminal one being also observed in Egr4; the Nab interaction domain that is present in Egr1, Egr2 and Egr3.](fnins-02-047-g001){#F1}

In brain, *Egr* family members show, in general, a similar regional profile of basal expression (Beckmann and Wilce, [@B3]). mRNA and proteins are detected in several areas of the neocortex, hippocampus, entorhinal cortex, amygdala, nucleus accumbens, striatum, olfactory bulb and cerebellar cortex, with different levels of expression (reviewed in Beckmann and Wilce, [@B3]). In the cerebral cortex, the highest levels of Egr1, Egr3 and Egr4 are detected in layers II and IV, whereas Egr2 predominates in layers II and III (Beckmann and Wilce, [@B3]). In the hippocampus, all Egr family members are highly expressed in CA1-3 pyramidal cells, with negligible basal levels in granule cells of the dentate gyrus (Beckmann and Wilce, [@B3]; Herdegen et al., [@B30]; Mack et al., [@B46]; Yamagata et al., [@B81]). In addition to their basal expression, the expression of Egr family members can be induced in different brain areas after a variety of neuronal stimulation paradigms such as the induction of LTP or maximal electroconvulsive shocks (MECS) inducing seizure activity, or in behavioural circumstances after exposure to novel environments of specific learning experiences (reviewed in Beckmann and Wilce, [@B3]; Davis et al., [@B13]; Knapska and Kaczmarek, [@B37]).

Functional Role of the *Egr* Gene Family Members
================================================

*Egr1* is the most widely studied member of the *Egr* family in processes of synaptic plasticity and memory. The origin of Egr1 research in this field can be traced back to the discovery of its rapid induction in dentate granule cells following the induction of LTP (Cole et al., [@B11]; Wisden et al., [@B79]) and its expression has since been widely used as a marker of neuronal plasticity in a learning context (see Davis et al., [@B13]; Knapska and Kaczmarek, [@B37] for reviews). Using *Egr1* mutant mice, it has been demonstrated that *Egr1*-deficiency results in a complete and specific loss of the maintenance of late-LTP at perforant path-to-dentate granule cell synapses (Jones et al., [@B36]). In parallel, a unique feature of *Egr1*-deficient mice is their inability to form long-term memories in a variety of behavioural tasks such as conditioned taste aversion, olfactory discrimination, novel object recognition and spatial navigation, while short-term memory, as well as early-LTP, is intact (Jones et al., [@B36]). More recently, the behavioural phenotype of *Egr3* mutant mice has also been characterised and major differences with the neural and behavioural phenotype of *Egr1* mutant mice have been found (Gallitano-Mendel et al., [@B21]; Li et al., [@B45]). *Egr3* mutant mice were found to have motor abnormalities due to defects in muscle spindles morphogenesis (Tourtellotte and Mildbrandt, [@B76]), heightened reactivity to stressful stimuli, abnormalities in their adaptation to novel and stressful stimuli, and abnormalities in social interactions (Gallitano-Mendel et al., [@B21]). In addition, clear short-term memory deficits were identified in contextual fear conditioning and object recognition, with a consequential defect in long-term memory performance, together with compromised early-phase of LTP in area CA1 of the hippocampus (Li et al., [@B45]). Deficits in NR2B-containing NMDA receptor function and in CA1 hippocampal LTD have also been reported in these mice (Gallitano-Mendel et al., [@B21]). In contrast to the role of *Egr1* and *Egr3* in different aspects of synaptic plasticity and memory processes, very little is known about the role of *Egr2* and *Egr4*. To our knowledge, no study has yet examined the functional role of *Egr4* in these processes. For *Egr2*, a specific function has been documented in the regulation of peripheral nerve myelination (Topilko et al., [@B74]), hindbrain segmentation (Schneider-Maunoury et al., [@B63]; Swiatek and Gridley, [@B67]) and endochondreal bone formation (Levi et al., [@B43]). Examination of its functional role in adult brain, however, has been hampered by the fact that mutant mice carrying two *Egr2* null alleles show high perinatal lethality (Decker et al., [@B15]; Schneider-Maunoury et al., [@B63]; Swiatek and Gridley, [@B67]; Topilko et al., [@B74]), a short lifespan presumably due to defects in hindbrain rythmogenic neural networks controlling respiratory functions (Jacquin et al., [@B32]).

To circumvent perinatal lethality, we recently generated novel *Egr2* conditional mutant mice based on a floxed allele allowing postnatal, CaMKII promoter-dependent Cre-mediated excision of *Egr2* selectively in adult forebrain neurons (Poirier et al., [@B61]). In this study, we investigated whether lack of *Egr2* in mice results in behavioural deficits similar to those observed in *Egr1* or *Egr3* mutant mice. Performance of homozygous and heterozygous conditional mutant mice, and of control littermates, was thus investigated in a battery of behavioural tasks to evaluate motor capacity and exploratory behaviour (grid-suspension, traction reflex and rotarod tests, open-field activity), emotional reactivity (elevated-plus maze test), as well as learning and memory abilities in tasks such as object recognition, spatial learning in the water maze, trace fear conditioning and conditioned taste aversion learning. Homozygous and heterozygous conditional *Egr2* mutant mice appeared healthy and showed no abnormal spontaneous behaviour or brain structure abnormalities. They showed no sign of anxiety disturbance; nor was their motor activity and coordination impaired. In contrast to our initial expectations, we found that none of the forms of learning examined were impaired in *Egr2* deficient mice. Both conditional homozygous and heterozygous transgenic mice demonstrated normal learning and memory performance in spatial navigation, normal associative memory in a conditioned taste aversion paradigm and normal fear learning and memory in a trace fear conditioning paradigm. Surprisingly, however, we found that conditional *Egr2* mutant mice had superior implicit motor skill learning abilities in an accelerating rotarod task, and enhanced long-term object recognition memory (Poirier et al., [@B61]). With the training protocol used to assess recognition memory, control mice could form short-term, but not long-term recognition memory, while conditional *Egr2* mice, with identical short-term memory performance to that of their controls, were able to form a long-term memory for objects (Figure [2](#F2){ref-type="fig"}), suggesting facilitation of consolidation processes. In this task, performance of heterozygous mice was in between that of knockout and wild-type mice, supporting a gene-dosage effect. In summary, our results revealed that forebrain *Egr2*-deficiency does not result in learning or memory impairments, but on the contrary, facilitates performance in certain tasks.

![**Short-term and long-term object recognition memory in *Egr1* and *Egr2* deficient mice**. During acquisition, wild-type (WT) heterozygous (HT) and homozygous (KO) mice were exposed to tow objects and retention was tested 10 min or 24 h later by replacing one familiar object by a novel object. The histograms represent the time spent exploring the novel object during memory retention. ***(A and B)*** Ten minutes after acquisition, both *Egr1* and *Egr2* mutant mice spent significantly more time exploring the novel than the familiar object, showing good short-term recognition memory. ***(C and D)*** Long-term recognition memory tested 24 h after acquisition. A clear deficit was observed in *Egr1* mutant mice ***(C)***. By contrast, *Egr2* mutant mice showed better performance than their WT controls ***(D)***. In both cases, heterozygous mice with half the complement of the Egr proteins showed intermediate performance, suggesting gene-dosage effect. Modified from Jones et al. ([@B36]) and Poirier et al. ([@B61]).](fnins-02-047-g002){#F2}

Clearly, the behavioural phenotype of conditional *Egr2* mutant mice appears in sharp contrast to that of *Egr1* and *Egr3* mutant mice when comparing their performance in similar tasks. Whereas *Egr1*-deficiency leads to significant memory deficits in conditioned taste aversion, spatial learning and novel object recognition when tested 24 h after acquisition, no specific impairment was found for these forms of memories in *Egr2* mutant mice. More surprisingly, as summarized in Figure [2](#F2){ref-type="fig"}, long-term recognition memory is severely affected in *Egr1* mutant mice (Jones et al., [@B36]), whereas *Egr2* mutant mice demonstrated a better memory ability than their controls (Poirier et al., [@B61]). In comparison, *Egr3* mutant mice were shown not only to have deficits in long-term memory in a similar object recognition task, but also compromised short-term memory (Li et al., [@B45]). These results clearly establish that Erg family members have distinct, and in certain circumstances antagonistic functions in the adult brain.

In *Egr2*-deficient mice, we analysed the basal and stimulation-induced expression of Egr1 and Egr3 proteins in the dentate gyrus and area CA1 of the hippocampus, using maximal electroconvulsive shock (MECS) (Poirier et al., [@B61]; Figure [3](#F3){ref-type="fig"}). We detected no over-expression of Egr1 or Egr3 in the mice, suggesting that the absence of memory deficits and the gain of function in certain tasks in *Egr2*-deficient mice is not due to a compensatory increase in basal or induced expression of Egr1 or Egr3 in these structures.

![**Basal and MECS-induced expression of Egr family members in the hippocampus of *Egr2* mutant mice**. Egr1, Egr2 and Egr3 expression levels were measured by Western immunoblotting from area CA1 and the dentate gyrus of mice from the three genotypes in a control condition (CT) and 2 hours after MECS-induced seizure. Actin was used as a control protein. In the absence of Egr2, basal and MECS-induced expression of Egr1 and Egr3 was not significantly modified. Data from Poirier et al. ([@B61]).](fnins-02-047-g003){#F3}

Regulation of Egr Family Members in Synaptic Plasticity and Learning
====================================================================

As with *Egr1* and *Egr3*, the expression of *Egr2* is regulated after certain forms of pharmacological or physiological stimuli. Induction of Egr2 mRNA or protein has been observed for example after kainic acid injection (Gass et al., [@B25]) or seizure activity (Bhat et al., [@B4], but see Mack et al., [@B47]). All three *Egr* members are rapidly regulated after induction of LTP in the dentate gyrus, although the regulation of *Egr2* and *Egr3* appears to require stronger LTP-inducing stimuli, but then expression of the proteins lasts longer than that of *Egr1* (Cole et al., [@B11]; Williams et al., [@B78]; Worley et al., [@B80]; Yamagata et al., [@B81]).

In learning, Egr1 mRNA or protein are also rapidly induced in specific brain structures in a variety of tasks such as active avoidance learning (Nikolaev et al., [@B55]), brightness discrimination (Grimm and Tischmeyer, [@B26]), visual paired associate learning in monkeys (Okuno and Miyashita, [@B57]; Tokuyama et al., [@B72]), song learning in birds (Bolhuis et al., [@B5]; Jarvis et al., [@B35]; Mello et al., [@B53]), learning and/or retrieval of contextual and cued fear learning (Frankland et al., [@B20]; Hall et al., [@B28]; Malkani and Rosen, [@B48]; Weitemier and Ryabinin, [@B77]) and spatial learning (Guzowski et al., [@B27]; Maviel et al., [@B51]). In general, as in synaptic plasticity paradigms, the induction of Egr1 occurs rapidly after learning or exposure to learning-associated cues, and is transient, suggesting a role in the transition from short- to long-term memory.

Much less is known about the regulation of other *Egr* family members during learning. In single-trial contextual fear conditioning, induction of Egr2, Egr3 and Egr4 has not been clearly observed (Malkani and Rosen, [@B48]). In a recent study, however, Desteno and Schmauss ([@B17]) showed induction of Egr2 expression in areas of the medial prefrontal cortex of mice performing an attention-set-shifting task, but not in a spatial working memory task. In this study, the authors have detected no induction of Egr1 and Egr3 in the same brain structures in the attention-set-shifting task. These observations suggest that Egr family members may be differentially induced during selective cognitive tasks. Further research is needed however to expand our knowledge of the specific conditions under which distinct Egr family members are activated, and of their localization and kinetics of expression in relation to specific types of learning.

Although a wide range of neurotransmitter systems can induce expression of Egr family members (Beckmann and Wilce for a review), the cell-signalling pathways leading to the regulated expression of Egr members in synaptic plasticity and learning have not been precisely defined. Induction of Egr1 in the hippocampus has been the focus of some investigations and it has been in particular shown that activity-dependent expression of *Egr1* is dependent upon NMDA receptor (Cole et al., [@B11]; Gass et al., [@B24]; Wisden et al., [@B79]) and MAPK/ERK activation (Davis et al., [@B14]), both of which are known to play a key role in synaptic plasticity and learning. Conversely, *Egr1* can be negatively regulated by the protein phosphatase calcineurin, a negative regulator of neuronal signalling and of memory formation (Baumgärtel et al., [@B2]). Much less is known about activity-dependent induction of *Egr2* and *Egr3* in the brain. Certain evidence suggests that inactivation of the adenosine 2A receptor in mice results in an up-regulation of *Egr2* associated with down-regulation of *Egr1* in the striatum (Yu et al., [@B82]), and that mGluR5 antagonists induce down-regulation of *Egr2*, but not of other *Egr* members in the rat cortex (Gass and Olive, [@B23]). In addition both *Egr1* and *Egr2* have been shown to be regulated by BDNF/TrkB in a CCAAT/enhancer binding proteins (C/EBPα,-β) dependent manner (Calella et al., [@B9]). To our knowledge, no study has yet examined the signalling cascades involved in the regulated expression of *Egr3* in the adult brain. These data reinforce the notion of a differential sensitivity of *Egr* members activation in response to distinct types of stimuli, however whether this type of differential regulation of the Egr member transcription factors occurs during the consolidation of memory is yet to be known.

Conclusion
==========

Our recent findings provide the first evidence that the absence of *Egr2* in forebrain neurons may facilitate certain forms of learning and memory and reinforce the notion that *Egr1*, *Egr2* and *Egr3* can have different functions in the adult brain and, in certain circumstances, antagonistic functions. Such antagonistic roles played by *Egr* members have already been observed during the development of Schwann cell lineage where *Egr1* and *Egr2* are expressed successively and in a mutually exclusive manner (Topilko et al., [@B73]) and more recently in the regulation of T-cell function (Collins et al., [@B12]), suggesting they might compete and possibly repress each other. The molecular basis of these antagonistic actions however has not yet been established. In the adult brain, the mechanisms whereby Egr members could exert antagonistic functions in learning and memory are also not elucidated. One possibility is the control of different sets of downstream targets genes. Egr family members might also regulate some of the same downstream genes, but in opposite manners, due to non-conserved regulatory regions. Although certain Egr direct target genes have been characterized in different tissues such as the pituitary for Egr1 (Lee et al., [@B41]; Topilko et al., [@B75]) and hindbrain for Egr2 (Sham et al., [@B65]), little is known about the Egr direct target genes in the adult brain. In neuronal cells, it has been suggested that Egr1 regulates expression of synapsin I and II and of the cdk5-regulator p35 (Harada et al., [@B29]; Petersohn et al., [@B60]; Thiel et al., [@B70]). The list of putative Egr1 target genes derived from a large-scale profiling study conducted in PC12 cells have also pointed to a major role of Egr1 in controlling various proteins of the proteasome (James et al., [@B33]). Recently, a proteomic study conducted in *Egr1* over-expressing mice revealed changes in the expression of proteins of many functional groups, including transcription factors, DNA and RNA modifying enzymes, components of the proteasomal and ubiquitination machinery, kinases, phosphatases and small GTPases, cytoskeletal proteins and various proteins involved in vesicle recycling and postsynaptic organization (Baumgärtel et al., [@B2]). Using *Egr1*-deficient and *Egr3*-deficient mice, it has also been shown that the plasticity-associated gene *Arg3.1*/*Arc* is a direct transcriptional target of Egr1 and Egr3 (Li et al., [@B44]) and Ehrengruber et al. ([@B19]) using adenoviral gene transfer, identified *Egr3* and *Nab2* as Egr1 target genes in neuroblastoma cells. Few studies have directly examined potential target genes of other Egr members. During development, Egr2 was shown to activate *Hox* genes and genes associated with nerve myelination such as myelin basic protein, myelin protein zero and desert hedgehog (Jang et al., [@B34]; Manzanares et al., [@B50]; Nagarajan et al., [@B54]; Nonchev et al., [@B56]; Seitanidou et al., [@B64]; Sham et al., [@B65]; Topilko et al., [@B74]). In the striatum of adult adenosine 2A receptor knockout mice, Yu et al. ([@B82]) identified a number of up and down-regulated genes, including an increased expression of *Egr2* while *Egr1* expression was decreased, and found an over-representation of predicted *Egr2* binding sites in the promoter regions of the regulated genes. In this study, *Egr2* binding to and regulation of the protein phosphatase PP2A was confirmed by chromatin immunoprecipitation.

Despite recognising the same ERE sequence in promoter regions, site recognition involves additional factors that interact specifically with non-conserved regions of Egr proteins, adding a further layer of complexity in target gene regulation. Complex control of Egr-mediated gene regulation is illustrated by studies showing that Egr1 and Egr3 directly bind to, and regulate expression of the low affinity neurotrophin receptor (p75^NTR^) in Schwann cells by binding preferentially to two distinct Egr binding motifs in the promoter region of the p75^NTR^ gene, with a transactivation ability which varies with Egr1 and Egr3 proteins levels (Gao et al., [@B22]), highlighting the fact that Egr members may not have entirely redundant functions. While these studies point to the possibility that Egr family members may control distinct gene programs, the precise identity of the regulated genes is still far from reach and would need to be characterized in a learning context to understand mechanistically how different Egr members affect cognitive functions. The rapidly evolving technologies for gene screening and the availability of *Egr*-specific mutant mice will likely serve as powerful tools to characterize specific gene programs that are under the control of each Egr family member in the brain in vivo.

Finally, the fact that Egr2 acts as an inhibitory constrain on certain cognitive functions may also involve its potency to positively regulate the expression of *Nab1* and *Nab2* (Desmazières, Charnay and Gilardi-Hebenstreit, unpublished data; Mechta-Grigoriou et al., [@B52]; Nagarajan et al., [@B54]). Egr proteins possess a domain for interaction with the Nab1 and Nab2 proteins that were initially described as transcriptional co-repressors (Russo et al., [@B62]; Svaren et al., [@B66]; Swirnoff et al., [@B68]), but are also likely to act in a positive manner in specific cell types (Desmazières et al., [@B16]). In this respect, it is interesting to note that a recent study identified multiple Egr binding sites on the promoter of *Nab2* in a region critical for promoter activity, suggesting that Egr members are direct regulators of *Nab2* (Kumbrink et al., [@B38]). Thus, it is tempting to speculate that the absence of Egr2 in neurons may result in a reduced expression of Nab proteins, and that this would increase or prolong transcriptional activity of other Egr family members or affect other transcriptional regulators possessing Nab-mediated activities, resulting in a facilitation of certain types of memory. To date, we are only beginning to understand the functional roles of the different members of this family of transcriptional regulators in higher cognitive functions. These advances now give us the possibility to define the complex combination of activity-dependent recruitment of the different *Egr* family members more precisely, and how they interact with each other and with their co-regulators and what specific gene programs they control in specific brain structures during learning and memory.
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